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14 March 1972
FINAYL PROGRESS REPORT
TRUMBULL POND DAM

PART I: ULTIMATE STRAIN CAPACITY TESTS

Purpose and Scope

1, The purpose of this investigation was to obtain information as to
the physical characteristics, éarticularly ultimate strain capacity, of
concrete containing the aggregate under consideration and to use these
results in developing a realistic control plan for Trumbull Pond Dam,

2, The modulus of elasticity and compressive strength of the aggregate
and heat of hydration of the cement were determined. Concrete properties
determined included compressive and tensile splitting strengths, thermal
diffusiyity, specific heat, adiabatic temperature rise, coefficient of
. thermal expansion, uniaxial creep, and ultimate strain capacity, In addi-
tion, concrete specimens were fabricated for exposure at Treat Island Ex-
posure Station,

Materials and Mixtures

3. All materials were furnishéd by the New England Division, Pit-run
sénd and gravel from an undeveloped onsite source were laboratory processed
fo meet gradation requirements of CE 1401.01, April 1971 Standard Guide
Specifications for Concrete. Rock cores, 2 by 4 in. nominal, were drilled
from selected piece; of aggregate. These cores were sawed and ends ground
prior to mounting two longitudinal strain gages, diametrically opposite,
on each specimen, Cores were then tested go determine compressive streangth
and modulus of elasticity. Results of individual tests and a brief descrip-

tion of each core are given in table 1. Compressive strength results ranged



from 5100 to 26,670 psi with an average bf 16,370 psi, Values of the
modulus of elasticity ranged froml2.9b to 7.44 x.106 psi witﬁ.an average
of 5.76 x 10% psi,

4L, Atlas type ii portland cement shipped from the Hudson, New York,
plant was used in this investigation, Chemical and physical properties of
the cement as determined by the manufacturgr are given in table 2, The
heat of hydration of the cement, determined in accordance with CRD~C 229,
was 69 and 77 cal/fg at 7 and 28 days age, respectively. The pozzolan
replacement material used in this investigation was a fly ash manufactured
in Connecticut; Darex, triethanolamine salt of a sulfonated hjdrocarbon,
was used as the air-entraining admixture,

5. Mixture proportions for two mass interjor concretes (6-in, MSA),
one with 35 percent fly ash replacement of cement (PF) and ome with no

cement replacement (P), were furnished by New England Division as follows,

Solid Volume, cu ft §$5D Weights, 1b
Material : P PF P PF
Portland cement 1,389 0,979 273 192
Fly ash -- 0,527 -- 79
Fine aggregate 6.273 5.642 1045 940
Coarse aggregate 15,357 16,059 2577 2696
Water ' 2,901 2,740 181 171
Air 1,080 1,053 - -

27,000 27,000 4076 4078

zgsts of Freshly Mixed Concrete

6. Average physical characteristics of the freshly mixed concrete

were as follows.



Mixture

e ¥
Slump, in,* 2 2
Air content, 7 5.1 5.0
Placement temperature, F 52 54

*Portion passing 1-1/2-in, sieve,

Compressive Strength, Modulus of Elasticity, and Poisson's Ratio

7. A total of thirty-six 6- by 12-in, cylinders were fabricated from
concrete wet-sieved through the 1-1/2-in, sieve, Four surface strain
gages, two each lateral and longitudinal, were mounted on each specimen
1 day prior to testing, Six specimens, three each round, were tested at
éach of 7, 28, and 90 days age for each concrete mixture, Results, an
average of three tests, are as shown in table 3. Compressive strength -
gain characteristics for the two mixtures, an average of the two roﬁndé,
are given in fig. 1. . |

Splitting TPensile Strength

8., A total of thirty-six 6~ by 12-in, cylinders fabricated from wets
sieved concrete were teséed in accordance with CRD-C 77 to determine splitting
tensile strengths of the two concreée mixtures, Results, an average of
three tests, ére as shown in table 3, Average splitting tensile strength
gain characteristics are given in fig, 2,

Coefficient of Linear Thermal Expansion

9. Four 6- by 16-in, concrete specimens, two each mixtures P and PF,
each containing an embedded Carlson strain meter, were fabricated from
concrete wet-sieved through a 1-1/2-in, sieve, Upon stripping,the specimens

were sealed and stored at 73 F, Beginning at 26 days age the specimens



sub jected to temperatures of 40, 60, 85, and back to 73 F, Strain readings
were taken immediately. prior to removal from storage and then over a 3-day
period after subjecting the specimens to 24 hr in the previously.mentioned
temperatures, Results (fig. 3 and 4) indicate the coefficients of linear
thermal expansion to be 5.9 and 5,5 millionths/F for mixtures P and PF,
resbectively. |

Thermal Diffusivity and Spécific Heat

10, PFour 6- by 12-in, cylinders, twe each mixtures P and PF, were
fabricated from concrete wet-sieved through a l~1/2;iﬁ. sieve. The average
thermal diffusivity of these spécimens at 28 days age as determined in
acéordance with CBD-C 36 was 0,026 and 0,025 sq f£t/hr for mixtures P and
PF, respectively, |

11, At the cpnclusion'of the diffusivity tests, concrete from the
four cylinders was used in specific heat tests, Results of these tests
cdnducted in accordance with CRD-C 124 avgraged 0,21 btu/lb-deg ¥ for both
mixtures,

Adiabatic Temperature Rise

12. The adiabatic temperature rise of each 6~in, MSA concrete mixture
was determined in accordance with CRD-C 38, Results (fig. 5 and 6) indicate
the temperature rise was 48 and 39 F for mixtures P and PF, respectively,

Unféxial Creep

13. Eight uniaxial creep épecimens, four each mixtures P and PF, each
containing an embedded Carlson straln meter, were cast from concrete wet-
sigved through a 1-1/2-in, sieve, After stripping, these specimens were

sealed and stored at 73 F, Two specimens from each mixture were loaded



incrementally to 0,35 £] at 28 days age. Initial elastic deformation was
524 and 332 millionths-for mixtures P and PF, respectively. Results of
periodic strain measurements on these specimens during the loading périod
and after unloading are shown in fig, 7 and 8,

14, The remaining four épecimens were used as controls to determine
length changes under static temperature and moisture conditions, Results
indicated the volume change under such conditions was essentially the séme
for both mixtures, an apparent shrinkage of less than 30 millionths at the
time creep specimens were uﬁloaded.

15, Curves~of-best-fit based'on a least séuares analysis were computed
as shown in fig. 9 for the creep test.data which have been corrected for
the appropriate volume changes, As‘exﬁected, the concrete with a lower.

modulus of elasticity (mixture PF) exhibited the higher creep.

Ultimate Strain Capacity

| 16, Twenty-four mass concrete beams (12 by 12 by 66 in,), 12 each
from mixtures P and PF, were cést from concrete wet~gieved through a 3-in,
sieve, Two rounds of six beams.each were cast for each mixture. Concrete
materials were precooled to obtain concrete placement temperatures of 50-35 F.
Strain meters were positioned in the forms parallel to the top and bottom
fibers, 1-1/2 in. from the concrete surface,and centered within the middie
third of a 60-in. simple span, prior to concrete placement, All beams were
cured in their molds under moist burlap at épproximately 72 F for a period
of 5 days. Beams were then stripped and sealed to prevent drying ddring

storage and testing. Both rapid- and slow-loading rates were used in testing



these beams under 1/3-point flexur;1 ioading. One beam of each round was
tested to failure at 7. days age using a conventional rapid-loading rate of
40-psi fiber stress per minute, ‘A second beam was started in its slow~
loading cycle ét 7 days age and a third beaﬁ stored under no locad, In the
slow-loading cycle, 25-psi fiber stress was applied‘to the beam weekly until
failure occurred, At the time of failure in the second beam, the third beam
was then tested to failure using conventional rapid loading. The three
remaining beams in each round were tested in the same sequence wiLh testing
initiated at 28 days,

17, Individual beam test results on mixture P concrete are shown in
table 4, Load-strain data obtained from these tests are contained in fig. 10 and’
11. The average tensile strain capacity in the 7-day slow-loading tests
(118 millionths) was 1,84 times that obtained in the rapid-load tests (64
millionths) at 7 days age, Beams tested in rapid loading the same day
combanion beams failed in the slow-loading tests had an average tensile
strain capacity of 88 millionths, This represents an increasé in strain
capacity, slow versus répid 1oéding, of 1;34 times, Thése results ihdicate
_the 54 millionths increase in strain capacity, slow loading compared to
rapid 1oading at 7 days age, could be attributed to both the increased
| maturity (30 millionths) and creep in the conérete (24 millionths),

18, The average tensile strain capacity of mixture P concrete, in
28-day slow-loading tests (102 millionths) was only 1.15 times more than
that obtained in the rapid-load tests (89 millio;ths) at 28 days age, Beams

tested in rapid loading the same day companion beams failed in the slow-



loading tests had an average tensile strain capacity of 78 millionths, less
than that obtained in the 28-day rapid-load tests, even though the modulus
of rupture had increased by approximately 6 percent. This indicates an
increase in strain capacity, slow versus rapid loading, of 1.31 times,
essentially fhe same increase obtained in the earlier age tests. This
indicated increase must be attributed primarily to creep in the concrete
since the more mature concrete (92 and 131 days age) actually exhibited a
decrease in strain capacity when compared to concrete of 28 days age.

19. Individual beam test results on mixture PF concrete are shown
in table 5. Load-strain data are shown in fig. 12 and 13. The average
tensile strain capacity in the 7-day slow~loading tests (88 millionths) was
1.69 times that obtained in the rapid-load tests (52 millionths) at 7 days
age. Beams tested in rapid loéding the same day companion beams failed in
the slow~loading tests had an éverage tensile strain capacity of 73 millionths.
This represents an increase in strain capacity, slow versus rapid loading,
of 1.21 times. The incre;se in strain capacity, slow loading comp;red‘to
rapid loading at 7 days age, is-due, as Iin the mixture P concrete, to both
increased maturity (21 millionths) and creep of the concrete (15 wmillionths).

20. The average tensile strain capacitf of mixture PF concrete in’
28-day slow-loading tésts {80 millionths) was 1.23 tiﬁes that obtaiﬁed in
the rapid-load tests (65 millionths) at 28 days age. A beam tested in
rapid loading the same day a companion beam failed in the slow-loading test
had a tensile strain capacity of 74 millionths. This represents an increase

in strxain capacity, slow versus rapid loading of only 1.08 times. As in



the earlier age test; this small indicated increase is attributed to
incrgased maturity (9 millionths) and creep (6 millionthsj of the concrete.

.21. Averaging the rapid-load test results for both mixtures indicates
the tensile strains to be slighﬁly higher than the compressive strains at
failure,rwith the larger difference, associated with mixture P concrete,
being less than 10 percent. The slow-load tests indicate the compressive
strains are somewhat higher than tensile strains at failure with average
differences of approximately 25 and 50 percent for mixtures P and PF,
respectively. Results of strain measurements on the beams in storage
(fig. 14 and 15) indicate this difference is due to autogenous shrinkage.
If the results of the slow-load tests ére corrected for this shrinkage as
shdwn in table 6, the average compressive aﬁd tensile strains are essentially
the same for a given mixture.

22. The apparent increases in ﬁensile strain capacity, slow versus
rapld loading, were somewhat low, averaging only 1.14 and 1.32 times for
mixtures PF and P, reséectively. Although the significance of the small
difference is questiomable, 1t is soﬁewhat surprising to note that the
larger increase was associated with the concrete exhiibiting the lower
specific creep. Apparently the rate of increase in elastic modulus of the
ﬁixture PF concrete (fig. 16) and resultant increase im stiffness had more
effect on thé strain capacity than the slightly higher creep of this concrete.

23, The average tensile strain capacity determined in slow-lcoading

tests was larger for both mixtures in tests initiated at 7 days age than



similar tests initiated at 28 days age. Since for a given mixture, the
average modulus of rupture at failure was essentially the‘same for both
loaAing ages,. this illustrates how the increased stiffness of the concrete
at later ages tends to reduce the strain capacity for a given stress level.

A similar effect can be observed in the rapid-load tests. The modulus of

rupture of mixture P concrete appears to approach an upper limit at 80-100 days

age (fig. 17) whereas the mixture PF concrete exhibits a continuous increase.
The relatively small increase in stiffness of mixture P concrete (fig. 16) in
combination with essentially no increase in stress capacity beyond 80 days
results in a reduced tensile strain capacity (fig. 18). In comparison, the
increased stress capacity of the mixture PF concrete results in an increased
tensile strain capacity in spite of the increased beam stiffness. Results of
these tests indicate the desirability of conducting similar tests at more
advanced ages.

24. While the tensile strain capacity was generally increased by slow-
load application, stress capacity or tensile strength of comparable beams was

essentially the same for both types of loading.



PART IX: THERMAL STUDIES

¢

25, Strain gradients in mass concrete structures are produced mainly
by thermal gradients, éutogenous‘Shrinkage, and dfying shrinkage. This
study 1s concerﬁed with the prediction of thermal strains prbduced By
‘Internal heat generation, external ambient temperature changeé, and when
precooled concrete is placed on older warm concrete. This information will
be used to help in development of a temperature control plan during con-

struction aimed toward minimizing thermal cracking.

Finite Element Computer Code

26, A two-dimensional finite element computer code; developed ofi-
~ginally by Dr, Edward L. Wilson of the University of Caiifornia at Berkeley,
revised by the Walla Walla District, and recently revised for use by the
Waterways Experiment'Stationi(WES),'was used in this parameter study.

Method of Calculation

. 27. The computer code incremeﬁtally places concrete in lift thick-
nesses and with lift p1§6ement times as presc;ibed by the user. The con-
cfete temperature variafion is calculated by utilizing the‘thermal proper-~
ties of the concrefe to govern the heat flow within and in or oﬁt of the
structure due to the ambient temperature conditions, hydration heat gen-
erated, and placement temperature conditions, Several calculation incre-
menfs are made during each 1ift cycle to more accurately describe the

internal temperature at various times during the construction simulation,

Variable Control Parameters Used.
I28. This study was designed to simulate construction with various
values of the following control parameters, |
a, Placement temperatures: 50, 55, and 60 F,

b. 1Lift thickness; 5, 7-1/2 ft.
10



¢. Cement factor: 2,75, 3.25 bag/cu yd.

d.  Insulation: none, 0.50w, and 0,254,

e. Ambient temperature conditions:‘ mean ambient and 4~-day
sustained temperature drops of 20 F at 37.5, 39.5, and 53 days into
construction,

f. Slipform rates: 5, 10, 20 in,/hr,

Finite Element Model

29, A cross~section of the dam at Station 3+20, that of maximum size,

was used in this study (fig, 19). Since it was found that maximum tempera-
tures develop in the lower section.of a structure having this configuration,
only the lower section was studied in order to reducé total'computer time,
A finite element model (fig. 20) was designed to show greater detail both
vertically and horizontally at the 20-40 ft level. Thus, points at which
temperatures were calculated were as close as 4 in. to the upstream face,
2 ft to the dowmstream face, and at 2.5 ft intervals vertically between the
20-60 ft levels except at the 35-40 ft level where the interval was 1,25 ft.
This allowed thermal gradients to be plotted more accurately in areas where
the-gradients were extremely nonlinear._

Ambient Temperature

30, Four ambient temperature histories were used in this study (fig. 21),
History No, 1 was determined from the monthly mean temperatures for
Bridgeport, Connecticut, for the time between 1 August and early December,
Histories No, 2-4 were produced by imposing a 20 ¥ temperature drop on
history No, 1 at 37,5, 39.5, and 53 days, respectively, and sustaining
the drop for 4 days before returning to follow history No. I. In all cases,
the temperature drop took place over a 6-hr periéd.

11



Time at Beginning of Simulations

31, All computer simulations‘began construction on 1 August,
Actually, the first cohcrete was place& at the beginning of the second
day as one day'wasralloted for foundation temperatures to equilibrate
between ambient temperature and a constant foundation temperature of 70 F
at a depth of 5 ft. Héreafter, the times referred to in this text will
be elapsed time into the‘simulation except where specifically stated other-
wise, i.e.,, when time after particular 1ift placement is discussed.
Insulation

32, The three conditions of insulation used in this study had I.Cu
(no insulation), 0.50u, and 0,25y heat conduction factors, respectively.
‘When insulation was used, it was placed on all exposed surfaces at place-
ment time. Insulation was not removed from verticai surfacés while insula-
tion was kept on horizontal surfaces from the time of placement of one lift
to the time of placement of the next 1lift, |

Concrete Properties

33. Table 7 lists the propertiles, described earlier, of the two con-
crete mixztures used in the computer simulations along with those of
Dworshak, Libby, and Clarence Cannon Dams for reference and comparison.

Adiabatic temperature rise plots are shown in fig. 5 and 6.

Computer Simulation of Construction

34, A listing of the control parameters of each computer simulation
is shown in table 8, Since the number of simulatioﬁ runs would have been
excessive if each variable was tested independently, it was determined that

the particular set of runs shown in table 8 would provide sufficient

12



information upon which to base consideration for a temperature cdntroi
plan for Trumbull Pond Dam,

35, The 5-ft 1ift thickness was utilized as the standard upon which
to examine the variable of placement temperature, insuiation, sustained-
ambient temperature drops, cement factor, and combinations thereof. The
concrete for all S-ft 1ift runs and the 7-1/2-ft 1L1ft run was placed to a
height of 65 ft in the first construction stage, At 5-day intervals be-
tween placement §f successive 1ifts, 5-ft 1lift construction took 60 days
and 7~1/2-ft 1ift construction took 45 days to reach the 65-ft level, In
both cases the simulations were continued 15 additional days to allow tem=~
peratures to peak at the 35~40~ft level,

36. Slipform construction was accompliShed by placing individual
element rows successively, Tdeally, concrete would be placed and vibrated
continuously; however, construction would likely follow procedures of plac~
ing approximately 20-in, layers during which concrete would be vibrated
before the next layer was placed; The rate of layer placement would be
adjusted to the parficular slipform construction rate. Since the element
height varied, as can be noted in fig. 20, the slipform simulations were
not conducted with a constant layer height increment. Consequently, each
elemental row was placed with a sufficient delay in construction after place-
ment of the previous row to equal'the slipform rafe. The elemental row
height between the 20-and 60-ft levels mofe closely approximates an actual
slipform layer. Concrete was placed continuously te a height of 50 ft,
Then, a 21l-~day interval was programmed before resuming constfuction to the

65-ft level,

13



Discussion of Results

g
37. Since the bulk of the parameter study was accomplished with 5-ft
1ift placement, these results and their implications upon potential ther-
mally induced cracking will be discussed first. Then, the results of runs
in which the placement rate was varied will be discussed,
Five-Foot Lifts - Peak Temperatures
38, The peak temperatures reached in the 10 runs in which 5-ft lifts

were used are listed below.
Run Mixture Ambient Insulation, p Temperature, F
No. No. History No, (1.0p = none) Placement Peak

1 PF 1 1.0 50 87.8

2 PF 1 1.0 55 90.8

3 PF 1 1.0 60 92.6

4 P 1 1.0 50 . 92,6

5 P 1 1.0 60 98.6

6 PF 2 1.0 50 87.7

7 PF 2 0.5 50 88.8

8 PY 2 0.25 - 50 88.9

9 PF 3 10 50 87.7

10 PF 4 1.0 50 87.7
Comparing runs 1-3 and 4~5, the well-known fact that placehent temperature
and cement factor strongly affect peak temperatures is shown, Figure 22 de~
picts typical temperature rise at the center of the section for Mixture "p"
placed at 50 and 60 F, BRuns 1, 6, 9, 10 show that a 20 F ambient temperature
drop sustained for & days when mean ambient temperatures are approximately
60~70 ¥ does not affect peak temperatures. By adding insulation and compar-
ing runs 1, 7, and 8, we find the peak temperature rise to fit the adiabatic
heat released. Thus, in a massive structure the central area is affected
very little by external parameter variations, Any differences which do oc~
cur are near the surface.

Five-Foot Lifts - Near Surface Thermal Gradients

N’

39. Figure 23 shows typlcal thermal gradients using concrete placed

at S50 and 60 F. These gradients are taken along a line I-D (fig. 20) at
14



38 and 55 days. It can readily be seen that it will take longer to reach
a near-linear gradient as placement temperatures are increased, Since a '
linear thermal gradiené is most desirable in controlling thermal cracking,
it is apparent that higher placement temperatures will keep a‘massive
structure in a potential cracking situation for a longer time,

40, Lift No. 8, placed.at 36 days into construction, was chosen to
study thermal gradients under various ambient temperature ;ariations and
insulation conditions, Thermal gradients near a vertical surface as de-
scribed here were taken at the midpoint of 1lift 8 (37.5 ft), Figures 24~
27 show thermal gradients calculated with and without the imposition of
ambient tempe?&ture variations and the effects of using insulatién. The-
most critical time for a severe drop in ambient temperature seems to be
approximately 2 days following placement, primarily because hydration tem=-
perature rise has reached 40-50 percent of peak with little time élapsed to
allow near-surface dissipation of tﬁis heat, Although the modulius of -
elasticity is low and creéep potential is high at early times, the strain
éépacity is quite low. At 2 days after placément, the temperature is
almost constant along a horizontal plane through the monolith. 1If at this
time the ambient temperature is lower than the average temperature in the
1lift and a severe drop in ambient temperature occurs (for this example,

20 deg/6 hr), a steep thermal gradient is produced near the surface which
can approach the strain capacity of the concrete, Figure 29 shows a com-~
pairson of the thermally induced strain in the surface layer (1 in, deptl)
assuming 100 percent restraint versus age of the concrete for a 20 ¥ drop
in ambient temperature occurring at 1.5 and 3.5 days after placement. The

strain capacity for mixture PF is plotted for comparison, At 2 days age

15



and one~half day following the temperature drop, the thermal strain ap~
proaches the strain capacity. No insulatiﬂn was used in this comparison,
When insulation was uséd under identical conditions, the unit strain is
not close to belng excessive,

41, Thermal strains can be minimized through tﬁe use of iunsulation
which lowers the time~-rate of change of temperature at the surface of the
conecrete and thus holds the thermal gradient in the concrete near the sur-
face within acceptable limits, Figures 30 and 31 show the effect of tem-
perature drop on surface and near surface concrete with and without insulation,
These data show that for a drop of 20 F in air temperature, the reduction
in surface temperature can be held to a safe level (2 to 8 deg per 5-day
interval) by using insulation having thermal conductances ranging from
0.25 to 0,50 BIU per hr-ft2-F,

42, Upon examining thermél gradients normal to the horizontal ex-
pose& surface at the top of a lift,'they were found to correspond to those
normal to the vertical surfaces when similar exposure and insulation con=

ditions existed, A typical isotherm plot of the dam is showa in fig, 28,

Five~Foot Lifts ~ Lift Interface Thermal Gradients

43, When a 1ift has been exposed to ambient temperatures markedly
higher than placement temperature and & new lift is placed upon it, severe
tensile strains can occur in the older 1ift.% Figure 32 depicts the ver-
tical thermal gradients along line ABCDEFG, fig. 20, for run No, 1., Times

repfesented by each gradient are those at each new 1ift immediately prio.

% Rapbael, Jerome M, and Wilson, Edward L., "Maximum Temperature Stresses
in Dworshak Dam' Structural Engineering Laboratory, University of
California at Berkeley, July 1967.
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to placing the next lift. In each lift except 1lift 1 prior to placement
of 1ift 2, the near-surface concrete is already in tension due to the
existing thermal gradi;nt. When the next lift is placed at 50 F, the
temperature of the old 1ift surface will drop suddenly to equilibrate
with the temperature of the newly placed concrete, Additional tensile
strains will result in the older lift since the older concrete has acquired
a substantial portion of its ultimate modulus of elasticlity and creep po-
tential has lessened, localized restraint is increased. Thus, a rapid in-
erease in tensile stress produced by the additional tensile strain will
occur, TFor example, note the thermal gradient in fig, 32 at 1lift 7 at
36 days., This is just prior to placing lift 8. The concrete in 1ift 7.
has 5 days age, When lift 8 is placed, the 1ift 7 surface will immediately
drop .from near 70 ¥ to épproﬁimately 60 F, Figure 33 depicts the thermal
gradient in 1ift 7 prior to and 1 hr after placement of 1ift 8, The first
inch adjacent tp the new interface %ill'experience a temperature differential
of approximately 6 F, Assuming 100 percent restraint, this will produce
a tensile strain of approximately 33uin. in concrete with a strain capacity
near 44pin,/in, Since the surface of lift 7 was already in tension, the .
additional tensile strain may cause the total tensile strain to exceed the
strain capacity. In any case, the older concrete is subjected to a tensile
strain which is a substantial proportion of strain capacity. A4ny other -
effects such as normal, localized weaknesseé in the concrete may cause
cracking in the older concrete,

44, The concrete in the new 1ift is in a plastie state at placement
time, thus, will not provide restraint to the old 1ift and will not itself

have the ability to crack. If, at a later time, the concrete in the new

17



1ift poes into tension, a crack formed in the previous lift can be propa-
gated into the new concrete, This.cracking'can oceur due to stress con-
centrations at the craeck zone because of a lack of interface restraint at
that spot. Cracks thus formed can propagate through an entire structure
as the stress conditions change with time and further construction,

Seven and ona-half Foot Lifts

45. Simulation run No. 11 was made using a Lift height of 7-1/2 ft.
This run was conducted under the same conditions as run No, 1 with 5-ft
lifts. A peak temperature of 89.0 F was reached compared with 87.8 F from
run No. I, TFigure 34 shows the variation in temperature rise at the same
péint in the moﬁolith under various placement rates, but with all other
parémeters held constant, The higher peak temperature fof 7-1/2-ft - versus
5-ft 1ift construction is due to decreased heat flow out of each 1ift during
the interval between placement of adjoining lifts because fewer 1lift sur-
faces are exposed. Peak.temperature rise equals that reached under adia-
batic conditions, TFor cqmparison, fig. 35 shows thermal gradients at 7
and 28 days after placement for 5- and 7-1/2-ft 1ift construction at the
37.5-ft height., The g;adients are very similar with the only difference
being near the surface because ambient conditions were sligﬁtly different
at time of placement., There appears to be little difference between'fhe
use of 5~ and 7-1/2-ft lifts with 5-day intervals between'lifts except that
7-1/2-ft 1ift construction produces peak temperatures approximately 1 deg F
higher, |

Slipform Construction

46, Run No. 12-14 simulated slipform construction at 5, 10, and
20 in./hr, respectively, Except for placement.rates, these runs were uale

under the same conditions as runs 1 and 311, TFigure 34 shows the peak
18 '



temﬁerature rise for the three slipform runs:for comparigon with runs 1

and 11, 5~ and 7-1/2-ft 1ift construction, respectively, Tmmediately
evident is that the pedk temperatures reached were inversely pgoportional
to the slipform coustruction rate and were all higher than that of adia-
batic rise, 1In observing the rate of temperature rise in each'succeeding
layer, it was noted that this rate became incrementally higher as construc~
tion progressed. The amount of heat flow out of exposed surfaces is low

at early times yet the hydration rate is highest, Thus, at more rapid
rates of placement such as in slipform c0nstructidn, each incremental 1lift
experiences an initial accelerated hydration rate. As the placement rate

is increased over 5 in.fhr, less time is allowed for each indremental 1lift
to gain hydration heat from the previous one, Essentially, a condition ap~
proaching instantaneous placement of the monolith is reached where tem-
peratﬁre rise will be adiabatic., At very low placement rates such as 5- and
7-1/2-ft placement at 5-day intervals (0,50 and 0.75 in./hr, respectively),
the peak temperature rise again corresponds to adiabatic rise. Figure 36
demonstrates the differences in peak temperature when compared to placement
rate, Theodashed line was inserted to show that the possibility existS‘fof
& single placement rate,to‘produce a maximum peak temperature for a par-
ticular set of placement parameters,

47. The variation of thermal gradients with slipform placement rate

is shown in fig. 37 at 7 and 28 days after placement at the 37.5-ft level.
These gradients can be compared with those shown in fig, 35 for 5- and 7-1/2¥ft
~ placement at the same times after placement and similar position, Figure 38
shows the construction plan for all runs made., From this figure, a compari-
soﬁ 6f placement times at the 37.5-ft level can be made. In comparing slip-

form and conventional construction in this study, it should be recognized
19



that the bulk of slipform placement occurred within several days of
initial construction whereas conventional construction was accomplished
over a longer time, Because the ambient température was gradually de=~
creasing with thne; the conditions for heat flow were different during
the 28-day hydration period for the two methods, Data appear to show,
however, that early age strain gradients will be steeper and maximum
tota} strain will be higher when using slipform construction, Strain
gradienté calculated after several weeks following placement should gen-
erally have simiiar slopes for both methods of construction,

Conclusions and Recommendations

48; Based on the results of this investigation, the following are
conclusions reached and recommendations made toward establishment of a
temperature control plan for. Trumbull Pond Dam,

‘49. Concrete Mixture PF appears best since it produces peak tempera-
tures approximately 10 F lower than Mixture P under similar placement con~

“ditions, Thus, considering a thermal coefficient of expansion of 5,5uin.
per degree F and assuming 100 percent restraint, Mixture PF will undergo
a total strain differential of 55 pin, less than Mixture P, This‘would
appear to more than offset the higher strainm capacity of Mixture P, 1In
adﬁition, if a total temperature drop of 45 F is used as a design control
Iand 46 F is the final equilibrium temperature of the dam, the 98 F peak
temperature produced by Mixture P will be several degrees higher than
allowable,

50. Results showed that the differences between the use of 5~ and
7-1/2-ft 1lifts with 5-day placement intervals are small, This is the case
when comparing both near-surface thermal gradients and peak temperature

rise, By increasing the placement interval from 5 to 7 days with 7-1/2-ft
20



1ifts, the differences betweeﬁ 5~ and 7-1/2-ft 1ift placement would be
reduced due to an increase in heat flow out of the séructuré during con-
struction, The use of‘7-1/2-ft 11.fts will reduce the number of 1lift sur-~
faces that will be placed in tension when the surface temperature versus
placement temperature differential is high, Thus, the number of possi-~
bilities for interface cracking is reduced,

51, The use of insulation was found to be complex. Because of the
large number of parametérs studied, the number of runs using insulation
was limited, Results indicated that in most cases an insulation conduc~

tance factor of 0.54BTU per hr-ft2

-F Would‘sgtisfactorily retard near-
surface heat flow during periods of a rapid drop in ambilent temperature.
The use of insulatiSn conductance factors less than 0,5 would seem to be
required vhen ﬁhe drop in ambient temperature was extreme (30-50 F), took
place in a short périod of time, and was sustained for Iong.periods of time,

52, The temperature control of‘liﬁt surfaces was found to be the most
critical, Exposed 1ift surfaces allowed to remain at temperatures much
higher (20-30 F) than placemént temperatures will experience potentially
dangerous thermal shock when the cooler concrete is placed upon it. Thié
situation is worse than'exposing a2 surface to a comparable drop in ambient
‘temperature because the surface and near=~surface cooling will be more rapid
with direct application of a solid than with air, Practices should be fol~
lowed in which the exposed surface is cooled slowlﬁ before placement of a
successive 1lift to reduce thermal shock.

53. A consideration which should be explored is the use of a higher

placement temperature in the first:20- in, layer of a lift which is placed

21



on relatively warm concrete. Obviously, this practice would make con-
structiﬁn procedures more difficult; however; this practice will produce

a less extreme thermal'gradient in the older lift without subétantially
raising peak temperatures. This practice might be incorporated when high
ambient temperatures and the use of insulation have kept lift surface tem-
peratures much higher than normal placement temperature. 4ny increase in
peak temperature thus producéd can be reduced by allowing a longer time in-
terval between lifts or if the ambient temperature is high.by cooling the
surface for several days before placement of the next 1ift.

54, The contribution of solar effects was not studied in this inves-
tigation, but does require some thought., Yt is very important to reduce’
solar heating in concrete especially at set times and at early age, If
surfaces of fresh concrete are exposed to solar radiation either directly
or by conduction from formwork and allowed to rise, a reverse thermal
gradient can exist at a zero stress level, That is, the concrete surface
temperatures are higher than interior temperatures at and immediately after
sét. At later times when hydration progresses and surface temperatures
drop, the near~surface concrete will experience additional tensile strains.
The insulation selected should have low absorption capacity for infrared
-and ultraviolet radiation. Experience at Libby Dam appeérs to indicate
that the concrete underlying a layer éf insulation reached temperatures
near 100 T due mainly to ultraviolet solar radiation,

55. The results of slipform simulation vuns at three rates of con-
struction indicated that peak temperatures would be 5 to 8 F higher than by
conventional construction methods. WNear-surface thermal gradients produced
by slipforming would be slightly more severe at early age, but comparable to ‘e’
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conventional construction after several weeks age. The only long time
difference would be a greater surface to internal temperature difference
with slipforming due to the increased peak temperature. The problem of
interface cracking would be greatly reduced because temperature differences
and elastic properties between placed concrete and additional concrete
would be small, Thps, any substaﬁtial interface strains would be greatly
reduced, .The number of computer simulations of the slipform method was
not 'sufficlent to study the effects of the method in detail. However,
since it is probable that most substantial thexmal cracking occurs at 1lift

interfaces, it would appear to be a promising method for mass construction,
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Table 1

Rock Cores - Trumbull Pond Dam

Compressive Modulus
Specimen Diameter Length Ultimate Strength of Elastic%ty
No. in. in. Load, 1b L/D psi psi x 10 Description

I-2 1.95 3.96 49,100 2.03 16,420 . 6.35 Quartz diorite gneiss with small
amount of hornblende and garnet
with a schistose inclusion which
is predominantly biotite, chlorite,
plagioclase, with small amount of
hornblende and garnet. Core is
medium grained with a crude high-
angle foliation,

I-3 1.95 3.93 21,250 2.02 7,110 : 6.77 Biotite schist with garnet and
' chlorite~~approaching a gnelssic
texture. Core is medium grained
with a near vertical foliation.
Sample 1s similar to inclusion in I-2.

II-1 1.95 3.65 49,500 1.87 16,560 6.71 Quartz diorite gneiss with a well
: defined high-angle foliation., Folia-
tion is defined by large plagioclase
stringers and biotite. Matrix is
medium grained.

II-2 1.95 3.40 60,500  1.74 - 20,230 - 6,19 Quartz diorite gneiss similar to II-1
' ' ' ' but has more biotite and fewer plagio-
clase stringers. TFoliation defined
by biotite is similar to II-1,

11-4 1.95 3.96° 39,800 2.03 13,310 5,71 "Quartz diorite gneiss similar to II-1

' but has a better developed foliation
and fewer plagloclase stringers
similar to II-2. Core is iron strained,
Has a near vertical foliatiom.

(Continued) (Page 1 of 3)



Rock Cores — Trumbull Pond Dam (Continued)

' Compressive Modulus
Specimen Diameter Length Ultimate Strength of Elasticity
No. in. in, Load, 1b L/D psi psi x 106 Description

II-5 1.95 3.98 27,400 2,04 9,160 7.30 Biotite, quartz diorite gneiss
similar to II-1 with more biotite.
Foliation is not as steep as II-1-4,
in this core about 45-50 deg.

III-1 1.95 3.97 58,600 2.04 19,600 6.86 Biotite gneiss with stringers of
: ’ quartz and feldspar, with a poorly
developed high-angle foliation.
Core is medium grained.

I11-2 1.95 3.45 74,500 1.77 24,920 6.97 - Quartz diorite gneiss with a small
) : amount of biotite defining a low-
angle foliation--~30 deg. Core is

uniformly medium grained.

I1I-3 1.95 4,04 47,500 2.07 15,890 2,99 Quartz diorite gneiss--appears to be
: weathered equivalent of 1I1I~2~-has
poorly defined horizontal foliation.

I1I-4 1.95 3.42 . 36,100 1.75 12,070 - 2,90 Biotite gneiss--appears to be finer-~
: : grained equivalent of III-1; has a
near horizontal foliation.

I1I-5 1.95 3.31 15,250 1.70 5,100 3.06 Fine-grained biotite gneiss with
numerocus fractures ranging from
horizontal to near vertical. Core
has a disrupted near vertical folia-
tion. Sample contalns less quartz and
and feldspar than III-1-4.

{Continued)

{Page 2 of 3)



Rock Cores ~ Trumﬁull Pond Dam (Continued)

Compressive Modulus
Specimen Diameter Length Ultimate Strength of Elasticity
No. in. in, = Load, 1b L/D psi psi x 106 Description
Iv-1 .95 3.95 64,250 2.03 21,480 6.40 Coarse to medium grained quartz
: diorite similar to I-2 but lacks
foliation and metamorphic assemblage.
Core is partially iron stained.
Iv-2 1.95 3.95 75,750 2.03 25,330 7.44 Medium~grained quartz diorite gneiss
’ similar to I-2 and has a poorly
developed high-angle foliatiom.
Biotite is concentrated in clots.
V-2 1.95 3.97 34,800 2,04 11,640 4.14 Coarse-gralned quartz diorite gneiss
: . with numerous porphyroblasts of feld-
spars up to 2 in. in diameter. Core:
_ has a crude high-angle foliation.
V-3 1.95 3.18 79,750 1,63 26,670 6.70 Medium-grained quartz diorite gneiss
: ' with a well-developed horizontal
foliation.,

(Page 3 of 3)



Table 2

Chemical. and Physical Properties of Type II
Portland Cement (L.ab No., RC-654)

Test Results

Chemical Data

$i02, % 22,4
Aly03, % 4,38
Fey03, % 3.30
Cad, % 63,9
Mg0, % 1,5
'303, % 2.7
Loss on Ignition 1,2
€38, % 48,0
CiA, % 6.1

Physical Data

Specific Surface, sq cm/g

Wagner 1969
Blaine 3629
Soundness, Autoclave Expansion, % 0.00
Time of Setting, hr: min

Initial 3:15
Final . 6:10
Air Content, % 9.7
Compressive Strength, psi

3 Days 2530

7 Days ' ' 3200



Table 3

Concrete Properties - Trumbull Pond Dam

: Comp Tensile Elaétic*
Mix Round Age Strg Splitting Modu1u56 Poisgson's
No. No. Days psi psi psi x 10 Ratio#®*
PF 1 7 880 120 1.57 0.13
28 1780 210 1.63 0.14
50 2590 275 2,47 0.17
2 7 940 115- 1.34 0,12
28 1910 215 2,07 0.15
90 2530 270 2,55 0.14
b3 1 7 1730 185 2,31 0.13
28 2680 285 2,54 0.15
90 3520 365 2,63 0,17
2 7 1830 215 2,26 0.14
28 3350 305 2,44 0.17
90 3640 365 2,80 0.16

* Secant modulus - 50 percent ultimate strength,
#* 50 percent ultimate strength,



Table 4

Results of Ultimate Strain Capacity Tests, Mixture P

I Testing Modulus of
Round Beam Age ' Rupture,* Strain,** millionths
No. i-No. days Loading Rate psi Tension Compression
1 P-1-1 7 40 psi/min 180 59 54
ip~1-2 7 25 psi/week 270 102 139
P-1-5 86 40 psi/mint 295 77 79
2 P-2-2 7 40 psi/min 185 69 65
P-2-1 7 25 psi/week 315 - 134 154
- P=2-5 99 40 psi/mint 310 99 81
1 P-1-3 28 40 psi/min 250 82 74
CP-1-4 28 25 psi/week 245 89 105
P-1-6 92 40 psi/mint 265 74 74
2 P-2-3 28 40 psi/min 265 26 77
P-2-4 28 25 psifweek 335 115 156
P-2-6 131 40 psi/mint 280 82 79

* Determined at 90 percent of ultimate load.
%% Extrapolated outside fiber strain at 90 percent of ultimate load,.
-+ Beams tested under rapld loading same day companion beam failed in
slow-loading test. '



Table 5

Results of Ultimate Strain Capacity Tests, Mixture PF

Testing | Modulus of
Round  Beam Age Rupture,*  Strain,** millionths
No. No. days Loading Rate psi Tension Compression
1 PF-i-1 7 40 psi/min 125 53 47
PF-1-2 7 25 psi/week 245 85 132
PF-1-5 79 40 psi/mint 250 75 70
2 PF-2-2 7 40 psi/min 120 50 46
PF-2-1 7 25 psi/week 245 92 138
PF~2-5 78 40 psi/mint 235 71 75
1 PF-1-3 28 40 psi/min 165 65 - 55
PF-1-4 28 25 psi/week 245 77 119
PF-1-6tt+ 108 40 psi/mint - - -
2 PF-2-3 28 40 psi/min 185 65 64
PF-2-4 - 28 25 psi/week 225 82 106
PF-2-6 92 40 psi/mint - 270 74 70

* Determined at 90 percent ultimate load.
*% Extrapolated outside fiber strain at 90 percent of ultimate load.
+ Beams tested under rapid loading same day companion beam failed in
slow-loading test. . -
11 Beam broken in handling.



Table 6

Autogenous Length Changes, Slow-Load Tests

Beam Shrinkage Strain during
No. Loading Period, millionths
P-1-2 20
P-2-1 L 21
P-1-4 9
P-2-4 12
Avg
PF--1-2 23
PF-2-1 . 23
Pr-1-4 i3
PF-2-4 12
Avg

* Extrapolated ocutside fiber strain determined at 90 percent ultimate

Strain Capacity,*

load and corrected for autogenous length change.

Tt o o e

millionths
Tension Compression

122 119
155 133

98 96
127 144
126 123
108 109
115 115

90 106
9% 9%
102 106



"Table 7

Summary of Inherent Properties

Dworshak

Libby

Clarence Cannon

of Various Mass Concretes Which Are Considered Important With Repard to Crack gébigtaéce

Trumbull Pond’

Interior

Exterior

Interior PP

Interior P

Strain caused by 55 millionths
each 10 F change in
conerete temp

Diffusivity 0,04 £t2/hr

Adiabatic temp xise 40 F

Cone strain capaclty, 70 millionths

7 days age

80-120 millionths
(73~116 days)

‘Strain capacity,
older concrete

Increase in strain
capaclty, slow versus
rapid loading cone

2.1 times
{73-115 days)

Modulus of rupture, 145 psi
7 days age
Modulus of rupture, 315-400 psi

older concrete {73-116 days)

Sp creep, loading age 0.14-0,18

and duration, 28 days

Sustained modulus of
elasticity, 28 days

Specific heat

2,0-2,9x10% pst

60 millionths

0.067 £tZ/hr
28 F
40 millionths
78 millionths
(90 days)
1.2 times
(28 days)
95 psi
250 psti
{90 days)

0.11-0,16

2.6-3,4x10% psi

0.22

50 millionths

0,051 £t2/hr
33 F
40-50 millionths
66=74 millionths
{180 days)
1-3 times
(113-125 days)
170-205 psi
405 psi
(180 days)

0.16

2. 6x10% psi

0.,21*

50 millionths

0.049 £t% i
42 7
61 millionths
61-72 millionths
{180 days)
1,5 times
(161-175 days)
345-360 pal
435-485 psi
(180 days)

-

0.21*

Note: Strain capacity and modilus of rupture determined at 90 percent of ultimate load

* Assumed value,

55 millionths

0,025 £t2/hr
39 F
50=53 millionths

71-75 milliontha
(78-118 days)

1.14 times
{78~-108 days)

120-125 psi

165~185 psi
(28 days)

0.39

1.49%10% pst

0.21

59 millionths

0.026 ££2/hr -

4B P
59=69 millionths

T4-99 millionths
(86-131 days)

1.32 times
(86-131 days)
- )

180-185 psi

250-265 psi
(28 days)

- 0,36
1.b4x105 psi

0.21



Table 8

Computer Simulation Schedule#

Lift Ambient Insulation
Run Reight Mixture History Factor Placement
No. ft No. No. . pieE Temperature
1 5 PF ) 1.0 50
2 .5 PF 1 1.0 55
3 5 PF i 1.0 60
4 5 p: 1 1.0 50
5 5 P 1 1.0 60
6 5 PF 2 1.0 50
7 5 PF 2 0.5 _ 50
8 5 PF 2 - 0,25 50
9 5 PF 3 1.0 50
10 s PF 4 1.0 . 50
‘11 7-1/2 PF 1 1.0 50
12 S1ipform PR 1 1.0 50
5 in, /hr
13 Slipform PF 1 1.0 50
104n. /hr 7 _
14 Slipform PF 1 1.0 50
20 in, /hr .

. % 5= and 7-1/2-ft 1ift placed at 5-day intervals,
%% 1,0¢ = no insulation
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